Abstract: Subsoil, commonly defined as horizons below the working depth of 30 cm, has traditionally received little explicit attention in policy discussions on soils. Recently, however, there has been growing recognition among scientists of the issues of subsoil (re-)compaction and of the role of subsoil as a resource that can offer valuable nutrients and water for plants. Subsoil management could provide an option to sustainably maintain yields in the context of climate change and resource scarcity, and it is a central question in addressing subsoil compaction. Yet how socially acceptable are different methods for subsoil management? Drawing on in-depth interviews with farmers and stakeholders in Germany, we show that biophysical conditions, the timing of operations, economic considerations, and awareness of subsoil functions are key factors in the acceptance of management methods. Views towards methods involving mechanical intervention are more diverse and in some cases more critical because the benefits are not always certain, the costs can outweigh the benefits, and/or because they entail risks for soil structure and functions. Alfalfa cultivation is seen to be beneficial for yields without risks for soil structure and functions; however, economic barriers limit its uptake. Awareness of multiple subsoil functions is associated with more critical views of mechanical interventions.
Introduction
Soils tend to receive less public attention than other environmental resources. Whereas water, air, or biodiversity tend to be more visible publicly, soils have historically not been a focus for environmental campaigning or large societal debates. At the policy level, in the European Union, soils are the only resource without a binding overarching legislation at the EU level [1, 2] . In recent years, some attention on soils has been refocused, for example, with the UN declaring 2015 as the Year of Soils, as well as initiatives such as '4 per mil' within the international climate change negotiations. Nonetheless, society tends to have less direct engagement with soils compared to other resources.
The subsoil, commonly defined as the horizons below the working depth of 30 cm, is also physically invisible to societal stakeholders, including farmers. In practice, farmers' interaction with the soil tends to focus on the topsoil, which is the medium with which they interact (e.g., through tilling or ploughing in conventional farming systems). The topsoil is also where the effects of management decisions are most clearly seen. Subsoil tends to become an issue for farmers and farm advisers when it becomes compacted and when waterlogged subsoil layers decrease yields. Similarly, subsoil has been explicitly addressed in the scientific literature, often in relation to problems with subsoil compaction, Sustainability 2018, 10, 3006 2 of 19 a persistent and damaging process that severely restricts the ability of soils to perform soil functions and deliver ecosystem services (for example, [3] ).
In terms of policy discussions, the main issue has also been subsoil compaction. However, because subsoil compaction does not always have immediate visible effects, such as is the case with soil erosion or topsoil compaction, and because of difficulties with designing a policy response to it, it has also not been a widely discussed soil protection issue. Compaction in general has been described as a "hidden problem" [4] . Yet, it has also been argued that it should be treated as a priority problem, as "with the increasing frequency and gravity of weather extremes under climate change (drought spells; intense precipitation; flooding), subsoil conditions in terms of hydraulic properties and ability to support deep rooting will increase in importance" [5] (p. 86).
From a more positive perspective, subsoil has the possibility to attract more attention in policy discussions within the agenda on climate change adaptation and with the increasing awareness of resource scarcity issues (see for example [6, 7] ). Subsoil can offer valuable nutrients and water for plant growth. Recent research has shown that, although nutrient availability to crops can vary, subsoil can contain a large share of the total Nitrogen and Phosphorus contained in the soil and retain water under drought conditions [8] [9] [10] [11] [12] [13] . Moreover, subsoil is also important for other soil functions and ecosystem services, including flood protection, water filtration, or carbon storage [14, 15] . Integrating subsoil in management decisions may be an opportunity to tap an additional resource of nutrients and water. In the context of climate change, subsoil management can also potentially be seen as an option to sustainably maintain or increase yields [10, 12] . While its role as a source of nutrients and water is hinted at in policy, and potentially fits well with the discourse of the Bioeconomy and Circular Economy Agenda in the EU, it is not yet an explicitly articulated aspect of any policy discussions.
In this context, researchers have begun to look more systematically at subsoil functions/the role of subsoil for soil functions and to develop and investigate new strategies of mechanically or biologically intervening in subsoils that aim to tap the subsoil as a resource [10] [11] [12] [13] [16] [17] [18] ]. Yet how relevant, feasible, and acceptable are different methods for subsoil management as a strategy that can contribute to the sustainable management of soils and to securing long-term agricultural yields? How do farmers and other stakeholders view subsoils, and are farmers interested in adopting different subsoil management measures? Are these measures also acceptable from a broader societal point of view? These questions have not yet been addressed in social science or policy discussions. If one or more subsoil management measures are framed as having the potential to deliver benefits for agricultural yields and to be implemented (more) broadly in agricultural management, it is important to understand how societal stakeholders see these measures and which factors either increase their appeal or present a barrier to their uptake and social acceptance.
This article presents an exploratory look at stakeholders' perceptions of subsoil and societal acceptance of subsoil management methods in Germany. The article is based on research in an interdisciplinary project on subsoil management, titled "Soil 3 -Sustainable Subsoil Management" (The Soil 3 project explores strategies to optimize a plant's uptake of nutrients and water from the subsoil in order to stabilize or increase crop yields. See https://www.soil3.de). The method combines a literature review with in-depth interviews. The exploratory examination is not comprehensive. Rather, we identify key issues and develop a basis for a more extensive social acceptance analysis that will take place in the second phase of the Soil 3 project and will combine a broad survey with targeted focus groups, as well as ongoing stakeholder engagement with the development and testing of subsoil management methods. The options for subsoil management broadly fall into mechanical and biological management methods [12] . In this study, we explored views towards four methods: (1) deep ploughing, (2) mechanical subsoiling, (3) a new method of mechanical subsoiling with an injection of organic matter, and (4) the cultivation of deep-rooting alfalfa crop.
The article is structured as follows. We first outline the method and the overall conceptual approach for the study. Second, we show how stakeholders perceive the subsoil and what kind of awareness of the subsoil they have. Third, we show how stakeholders view the different management methods, and what positive and negative aspects they emphasize in relation to each method. Finally, in the discussion, we relate the results of the study to broader discussions on sustainable (sub)soil management and the questions raised for further research.
Materials and Methods
The research for this article included a literature review on farmers' decision-making around sustainable soil management, which showed that the topic of subsoil management has mostly been absent as an explicit topic in social science research so far. We could not identify any published research that looks at how farmers use or do not use subsoil management measures. However, the review provided an overall framework for approaching the societal acceptance analysis, which we present in Figure 1 . We also examined how the soil science literature approaches subsoil management. In addition, in-depth interviews in Germany were conducted with nine soil management stakeholders and nine farmers who practice either arable or mixed farming systems. While farmers are of course also societal stakeholders, in this article, we make the distinction between farmers and other stakeholders to simplify the terminology and presentation of results. The overview of interviewed stakeholders and farmers is given in Table 1 . The stakeholders included representatives of a range of institutions associated with soil management and soil protection, including practitioners working in farmers' organisations, non-governmental organisations, and public authorities. Four practitioners worked at a national level and four in federal states (Mecklenburg-Western Pomerania, Brandenburg, Lower Saxony, and North Rhine-Westphalia). Farm interviews were conducted in Northern and Southern Germany (Mecklenburg-Western Pomerania, Brandenburg, and Bavaria). We identified farmers with the assistance of regional farm advisors. The aim was to capture a range of farms practicing arable or mixed farming. The interview guide focused on three main themes: (1) views on good agricultural practice and soil management, (2) views on soil functions and the role of subsoil, and (3) views on acceptable solutions to addressing soil threats associated with agriculture. Interviews were recorded and transcribed, and the transcripts were then analysed.
In this exploratory stage, we intentionally approached professional and larger, likely more intensive, farms who might have already experienced problems of subsoil compaction and who might be more open to new technologies. While the sample size is small, the diversity of interviewees and open-ended/in-depth nature of interviews allows us to identify a range of perspectives and explore diverse variables and interactions among them. This qualitative and exploratory examination provides the basis for a broader survey and focus groups that we will conduct in the second phase of the project. 
Farmers as Actors in Context
Conceptually, the starting point for our analysis is the framework of farmers as actors in context. This means that farmers are seen as active agents who operate and negotiate their decisions with regards to farming practices within a context of various constraints, and as participants in complex spatially and temporally specific horizontal and vertical networks and processes [19] ). Farmers' decision-making is therefore a result of a complex interplay of processes and influences from the broader farm environment, the biophysical and economic conditions on the farm, which are mediated by farmers' agency, their views, perceptions, and norms (compare Figure 1) . The relative role of different variables and their interactions differ across space and time. Mills et al. (2016) differentiate between the 'ability to adopt' and 'willingness to adopt' certain farming techniques [20] . Farmers' ability to engage with a particular method or to adopt an environmental measure depends to a large degree on farm characteristics such as farm size, tenure, and income.
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Subsoil Management Methods
We consider four different subsoil management techniques that aim to enable crops to better access subsoil resources (compare Table 2 ). Deep ploughing involves digging into and turning the soil at a depth of about 50 cm or deeper, leading to an inversion of the soil profile (i.e., former subsoil is brought to the surface while topsoil is buried). It aims to break up root-restricting soil layers and to optimise crop growing conditions [18] . Deep ploughing used to be widely practiced in Germany and the Netherlands in the 1960s for the reclamation of peatlands for agricultural use, as well as to improve cropping conditions on Podsols and Luvisols [12] . The technique requires great physical effort, i.e., heavy machinery and a high input of energy. Among the four subsoil management techniques included in our analysis, deep ploughing is the most intense operation on the soil.
Mechanical subsoil loosening, which is often referred to as "subsoiling" or "deep ripping", aims to loosen the soil and is primarily applied to counteract subsoil compaction. Loosening the subsoil is supposed to increase crop yields by enabling deeper and wider root growth, improving water infiltration and transport, as well as facilitating nutrient uptake [26] . Various tillage tools exist for the purpose of subsoil loosening; often, grubber-like appliances with one or several grongs are used and the depth of application can vary between 35 and 50 cm (compare for example [26, 27] ). In contrast to deep ploughing, mechanical subsoil loosening does not turn the soil.
A new technique to meliorate the subsoil that is currently tested in field experiments [10] combines mechanical subsoil loosening with the injection of organic materials (green cuttings, organic compost). The aim of the technique is to modify the soil structure to enable the deeper rooting of crops, trigger microbial activity, and eventually enhance yields. To farmers and stakeholders we interviewed, we explained the procedure as follows. The technique is applied furrow-wise with intervals of about 1 m between furrows, with the furrow being approximately 30 cm wide. First, the topsoil layer (upper 30 cm) is lifted and put aside. Second, organic materials are inserted into the furrow. Third, the organic materials are mixed into the subsoil down to a 60 cm depth. Finally, the topsoil is laid back on top. The technique does not involve turning the soil profile and the topsoil remains untreated. Ideally, plant roots will grow into the furrow from the top as well as from the sides. The first results of the field experiment testing the technique on a loess soil showed that one year after implementation, yields of spring barley increased by up to 20%. Positive yield effects could be observed up to 50 cm sideward of the treated furrow [10] . The technique can be site-specifically adapted, e.g., regarding intervals between the furrows, depth of application, and choice of input materials.
A biological approach-also referred to as "biodrilling" or "bioporing"-to loosen and meliorate the subsoil and enhance water infiltration is the cultivation of deep-rooting primer crops such as alfalfa. These plants create vertical root channels (biopores) and thus facilitate deep rooting and access to subsoil resources for the subsequent crop [13] . Alfalfa is very suitable as it develops a strong taproot reaching deep soil layers, as well as multiple branches that create a broad root network [3, 9, 17] . It is argued that alfalfa and other deep-rooting plants can alleviate subsoil compaction [3, 28, 29] . In fact, alfalfa cultivation used to be a standard technique for the reclamation of agricultural soils following Sustainability 2018, 10, 3006 6 of 19 degradation through brown coal mining processes. For developing taproots, alfalfa must remain on the field for at least two years.
Results: Subsoil Awareness and Acceptance of Management Measures

Subsoil Awareness
We anticipated that farmers have a relatively limited awareness of subsoil since they mostly deal with the topsoil in their everyday operations. Many farmers in the sample shared this view by stating that a typical farmer will think little of soil management and even less of subsoil. Several said that an active consideration of subsoil only occurs in exceptional circumstances, whereas normally, farmers do not come into contact (directly or indirectly) with the subsoil.
"Soil is often the last thing a farmer thinks of when problems occur-first he checks fertilisation regime, plant protection, choice of crops and so on-soil or subsoil is the last thing he thinks of" (No. 17).
Having said this, farmers included in the sample were well informed and engaged with soil management. They were all aware of good soil management practices and many have been applying these practices, in particular crop rotation and making traffic and tillage decisions based on weather and site conditions. In relation to soil functions broadly, most farmers emphasized the role of soils as a storage for nutrients and water (seven of nine farmers), with carbon storage also mentioned by two farmers. When asked about the role of the subsoil more specifically, farmers spoke about it primarily in terms of a reservoir. In particular, subsoil becomes more relevant in conditions where the topsoil is less productive and has a limited water-or nutrient-holding capacity. Six of the nine farmers mentioned the importance of subsoil as a reservoir for nutrients and water, especially under extreme weather conditions. However, only one farmer/farm advisor emphasized the subsoil's function as a filter for groundwater, implying a more explicit awareness of the role of soils for maintaining water quality. Two farmers did not refer to subsoil specifically and one stated that, on his land, the topsoil transitions very quickly into bedrock so that a subsoil layer is hardly present.
Among the societal stakeholders, three stakeholders from agricultural organisations echoed this focus on the subsoil as a reservoir, emphasizing its crucial role for water balance. In contrast, five other stakeholders with a background in environment protection had a broader view of subsoil, equally emphasizing all soil functions as defined in the German Soil Protection Law, i.e., in addition to the production function (as a reservoir of nutrients and water), the natural and the archive functions of soils were attributed equal importance. In particular, they emphasized the filtration, buffering, carbon storage, and habitat functions. One pointed to the fact that the climate (carbon storage) function is missing from the German Soil Protection Law. One agricultural and one environmental stakeholder also stated that a distinction was not possible and that topsoil and subsoil were equally important. Despite the small sample size, the more 'production' focused view of farmers and agricultural stakeholders is in clear contrast with a more 'multifunctional' view of subsoil by the environmental stakeholders.
If we look at the idea of subsoil as a reservoir, the significance of subsoil in Germany increases in regions with sandy soils, which are also more prone to drought, such as Brandenburg and Mecklenburg-Western Pomerania. To illustrate the limited water-holding capacity of sandy soils, one farmer explained that his soils have the potential to save perhaps up to 50 mm of water in the top 25-30 cm of soil (per m 2 ), which is sufficient to keep plants alive for a week or ten days in warm, sunny, conditions. Beyond this short period, the plants have to depend on the subsoil. Recognizing this function goes along with a higher appreciation of the subsoil, illustrated by the statement of an agricultural stakeholder: "Every centimeter of additional soil volume is a centimeter of additional habitat for plant and soil life, which later on is mirrored in the crop yield and quality of products" (No. 1). This function of subsoil as a reservoir is of importance as one factor that can help to reduce yield fluctuations, in particular on sandy soils. Six of nine farmers stated that increasing the yield Sustainability 2018, 10, 3006 7 of 19 stability, or achieving the optimum yield, and reducing annual fluctuations due to changing weather conditions, were important objectives of their farm management. The appreciation of the subsoil as a reservoir is not necessarily limited to areas with sandy soils, since farmers in Bavaria also emphasized this. The two out of three Bavarian farmers that mentioned it, however, were also part-time advisors for soil management so it may still be possible that in Bavaria, where soils tend to be more productive, the overall awareness of subsoil is lower.
In addition to poor topsoil quality, compaction problems are another motivating factor that farmers gave as reason to think about subsoil. Six of nine farmers mentioned the issue of compaction as an important soil threat, with several speaking of the role of heavy machinery and inappropriate timing of operations in worsening the problem, and several also had either a positive or negative experience with subsoil mechanical loosening. While compaction affects sandy soils more, farmers with other soil types also reported issues of compaction, especially along driving lanes. Another aspect mentioned by a couple of farmers in relation to subsoil was the issue of drainage, which, in many parts of Germany, allows the cultivation of rich organic soils.
Acceptance of Subsoil Management Methods
Deep Ploughing
The first method that farmers and stakeholders were consulted on was included in the study as the most invasive form of mechanical intervention in the subsoil. Farmers' and stakeholders' views on deep ploughing are summarised in Table 3 . Views are quite similar, with the general opinion being that the method is not an effective one to deal with subsoil compaction. While deep ploughing was once quite popular in Germany, and often applied on organic rich soils (peatland) (No. 6, No. 13), it is no longer practiced widely in Germany. Detrimental effects to soil structure, soil functions and soil life (2, 4, 5, 6, 7, 8, 16, 17) Heavy machines necessary and lots of energy (3, 6, 8, 10, 11, 12) In no case acceptable (1, 2, 3, 4) Numbers in parentheses indicate the No. of stakeholders and farmers who mentioned the respective aspect.
A few farmers and stakeholders referred to it as an outdated technique and one stakeholder characterized it as a 'purely desperate measure'. Nearly half of the interviewees mentioned the high energy and time effort as a negative aspect. Several stakeholders explicitly stated that it is not acceptable under any circumstances. Half of the interviewees, primarily the stakeholders, voiced strong opposition against the mixing of topsoil and subsoil. Eight emphasized that this leads to the destruction of the soil structure and thereby seriously affects all soil functions. One farmer mentioned the following negative experience: "I know the method from the farm where I worked on in Denmark. We used a very large plough to till peatland. This was done only for a few years. We don't do it anymore. We stopped doing it because these organic soils . . . they collapse even faster, the more oxygen you add to it, the faster they collapse" (No. 13). One stakeholder said the mixing of layers as deep as 90 cm affects the soil organic matter (SOM) content in the topsoil, a negative impact especially for topsoil with an already low SOM content (No. 2). Another stakeholder also referred to the method as bringing up 'dead soil', by which they meant that a layer of soil with a very low biodiversity is put on top, and some organisms are pushed down to the depth where there is not enough light and oxygen for them to survive (No. 4). This could lead to the destruction of biodiversity in topsoil and subsoil, potentially being counterproductive in both ecological and economic terms. Only three stakeholders mentioned that they found the method acceptable only as a one-off measure if it is associated with a shift in a system change: "I can understand that if you have to do it, you do it. But if you don't change your whole management, then you'll end up at the same point in a few years that you'd have to repeat it again, and that's no solution" (No. 7).
One of these three stakeholders also emphasized that its acceptability depends on the time horizon; if it is done infrequently, there is still the question of how the topsoil responds to the measure and how long it has to recover, since the immediate negative effect (in this case, the reduction of SOM in the topsoil) would eventually be evened out.
Mechanical Subsoil Loosening
Overall, interviewed farmers and stakeholders see mechanical subsoiling rather critically (compare Table 4 ). They see a high risk of damaging the soil when the technique is not applied carefully. A number of farmers and agricultural stakeholders describe mechanical subsoiling as a standard technique for loosening compacted soil layers underneath driving lanes and headlands. Yet, many emphasise that a field-wide application of the technique needs to be considered with caution and is only acceptable under certain restrictions: i.e., the technique is performed on dry soils, as a one-time measure, and in combination with a suitable crop rotation. Table 4 . Stakeholders' views on mechanical subsoiling.
Positive Negative
Suitable for heavily compacted sites, primarily under driving lanes and headlands (1, 2, 3, 4, 5, 7, 11, 12, 13, 14, 18) Risk of re-compaction, complete loss of soil structure or shift compaction into deeper layers (2, 5, 7, 10, 16, 17) Accepted on dry soils/ light and sandy (1, 2, 10, 12, 13, 16, 18) High efforts and costs, heavy machineries and high energy input is needed (3, 6, 7, 8, 10, 12, 15) Only in combination with biological activation, catch cropping or diverse crop rotation (2, 4, 6, 7, 10, 12, 18) Not suitable for subsoils with stones and drainage systems (14, 15) Short-sighted solution, without implementing any changes in the farming system that aim to prevent new compaction, lead to the need to repeat the procedure again after a short period of time (1, 5, 6, 7) Subsoiling requires heavy machinery and a high input of energy to loosen deep soil layers, making it an intense operation that involves high efforts and costs. One rather sceptical farmer therefore described the technique as a "gigantic technological effort" with rather marginal results (No. 10). Nonetheless, it appears acceptable to alleviate compaction on specific sites and five of the nine farmers reported experience with mechanical subsoiling at a depth varying between 35 cm and 120 cm. Four farmers stated that they currently used mechanical subsoiling on their farms, primarily to loosen driving lanes and headlands, emphasizing that they use the subsoiler on parts affected by compaction but not field-wide. Two farmers applied the technique once on a larger scale: one of them (No. 13) when he took over the farm and found that many fields were heavily compacted due to Sustainability 2018, 10, 3006 9 of 19 frequent traffic, and the other (No. 11) when he changed his farming system from ploughing to no-till cultivation. Another farmer (No. 16) had a very negative experience with mechanical subsoiling. After applying the technique at a 45 cm depth, he found that the soil structure was lost, water infiltration decreased, and the soil's carrying capacity collapsed.
The high risk of re-compaction and the increased loss of soil functions are the most critical issues that limit the acceptance of mechanical subsoiling. Many see it as a short-sighted solution, stressing that it should be combined with biological measures, such as deep-rooting catch crops, in order to be effective. The roots reactivate the soil life and stabilise the loosened structure. As an illustration, one farmer described mechanical subsoiling without subsequent catch cropping as a "waste of fuel and effort" (No. 12). A second farmer took on an even more critical perspective, stating that mechanical subsoiling "only removes agronomical mistakes a farmer has made in the past. Although it does not really remove them, but rather shift compaction into deeper layers if not done under dry conditions and if not combined with catch cropping" (No. 10). Mechanical subsoiling damages the soil when applied under wet conditions: "You can make mistakes with mechanical subsoiling, which result in structural damages. It is important to apply the technique under dry conditions. To look at the soil, combine the technique with catch cropping, with deep-rooting catch crops. Most importantly, you need to consider the water conditions in the soil. Otherwise you exponentially increase harmful compaction" (No. 2).
Particularly the environmental stakeholders that have a multifunctional view of soils expressed concern about the frequency of application. A few stakeholders mentioned that farmers exploit this technique as a quick solution to compaction, enabling them to continue with business as usual-e.g., maintaining a wheat-dominated crop rotation-without implementing any changes in the farming system that would prevent new compaction. In this way, the technique fixes the symptom but not the cause of compaction issues and regular application is neither justifiable nor sustainable (No. 6): "Experiences with mechanical subsoiling show that the technique can definitely cause damages when applied under unfavourable conditions" (No. 9). This view resonates with the opinion that "soil should be cultivated in a way that the transition to subsoil remains intact and no mechanical intervention is needed" (No. 1).
Regular application, indeed, appears to be quite common, except in conditions that limit its application because of biophysical factors-i.e., in areas with a high frequency of stones, drainage systems, or very heavy soils. Interviewees report of a widespread opinion in certain regions of Northern Germany that subsoiling on a regular basis is an adequate farming practice for light and sandy soils, which tend to compact easily (No. 2, 12, 14) , as well as on all soils on farms with root crops (potatoes, onions, sugar beets) that use heavy harvesting machinery. This hints to an apparent lack of awareness of the long-term damage to subsoil. However, even when farmers are aware of the risk of compaction, economic and time pressures often outweigh the concern about the compaction risk. This is illustrated by a farmer in the sample who used a subsoiler to get rid of water on a field he wanted to harvest-although aware that this is harmful for the soil: "It's a catastrophe for the soil what we are doing, but we have to get the beets out and it's too wet" (No. 14). Farmers are pressured to harvest by conditions set out in their contracts to supply specific amounts at certain times. Given that six of nine farmers mentioned the prevention of compaction as part of good soil management, it appears that economic and time concerns outweigh precautionary behaviour.
The technique is in part risky because the damage done to the soil in the subsoil layer is not immediately visible and it is not easy to judge whether the subsoil is wet or dry (No. 16). This aspect of not being able to see the subsoil requires that farmers dig into the soil first and have a look at the subsoil conditions, a practice that farmers do not often do under time pressure. It is also worth noting in this context the sentiment expressed by several farmers in the sample that farmers in general do not pay so much attention to soil conditions compared to the plants and fertilisation. For example, one farmer stated, "who do you see these days doing a spade test?" (No. 17).
Injection of Organic Matter Furrow-Wise into the Subsoil
The views on the innovative technique of injecting organic material furrow-wise into the subsoil were quite diverse. While some of the interviewed farmers and stakeholders were enthusiastic and showed great interest, others were rather cautious and expressed concerns, and a few interviewees found the technique unacceptable (compare Table 5 ). Table 5 . Stakeholders' views on injecting organic matter furrow-wise into the subsoil (Soil 3 method).
Positive Negative Uncertainties
Enhancing site conditions/soil structure (in regions with sandy soils and low SOM) (2, 6, 9, 10, 12, 13, 16, 18) Risk of disturbing soil structure; difficult to preserve the structure of the topsoil (3, 4, 5, 8 Doubts that soil life will be attracted to go deeper into the soil (7, 4) Penetrating to such depths mechanically is not advisable (17) Buffer function of the soil could be affected; risk of contaminants in input material-leads to groundwater pollution, quality of input material needs to be guaranteed (2, 5, 6, 12, 13, 14) The interviews showed that in particular farmers and stakeholders in regions with light, sandy soils are interested in the technique and think it has potential to be effective. Interviewees describe sandy subsoils as a rather unattractive environment for plant roots, as water drains quickly and washes out plant nutrients. In this context, they see the technique as a way to improve the site conditions: Injecting organic material into the subsoil would increase the organic matter content and thereby enhance its ability to store water and nutrients, while at the same time attracting soil organisms and enhancing biological activity in the soil. One farmer illustrated this as follows:
"Roots usually do not want to grow into the subsoil here, due to its physical properties: often it is compacted, it cannot hold water nor nutrients, in the worst case it is toxic and has the wrong pH value. In this case they don't want to grow down there and of course [the technique] has an effect, because substrate is incorporated and the roots like to grow in there. It is like a flower-pot-effect: the substrate holds water and nutrients-things that the other subsoil cannot provide. Hence there has to be a yield benefit" (No. 18).
Similarly, one farm advisor stated:
"We have a lot of sandy soils, sandy loams, and all organic material that we incorporate into the soil is generally positive. You increase the organic matter, the humus content; enhance biological activity, microorganism, etc. I see positive effects. Particularly for sandy soils I see benefits" (No. 2).
By delivering these benefits, the technique is also seen by some to have the potential to stabilise yields. As mentioned above, yield stabilisation is a strong motivation for farmers, particularly in areas with high annual yield variations such as Mecklenburg-Western Pomerania, Brandenburg, and Saxony-Anhalt. For example, one farmer in Brandenburg reported that he was able to harvest nine tons of wheat per hectare in one year, and only 4.5 tons per ha in the following year. To some farmers, reducing such fluctuations and preventing very low yields in years with droughts is more important than increasing yields on a percentage basis. Finally, as an additional positive effect, interviewees mentioned that the incorporation of organic matter could improve the soil structure and thus prevent re-compaction.
On the other hand, both those that are open to the technique and those who were sceptical found the technique to be associated with a high effort and high costs. One farmer even said that the technique was not feasible even if the effects were positive and sustained. A key open question is whether the expected benefits are worth the high effort, particularly in comparison with the common practices of incorporating compost into the topsoil or in comparison with applying catch crops, which also have the benefit of improving soil structure and reducing the risk of compaction.
Due to the expected high costs of the technique, it is perceived to be attractive only for crops with a high added value, such as in horticulture (for example, for berry production). At the same time, the higher costs mean that it is likely not to be accessible for smaller farms, and as such, also in line with the technical/digitalisation development associated with structural change in agriculture. One farmer likened the high cost of the approach to the investments required for putting in place drainage in organic soils. This farmer, who is quite open to technical innovations, also mentioned that the high work intensity associated with the procedure could be negated if a subcontractor performed the task. For other farmers, this reliance on external subcontractors is seen as a hindrance to the technique. This implies that farmers who value their independence are less likely to be interested in the injection of organic matter: "This technique makes farmers dependent on experts that come from the outside and tell him how he should improve his soils" (No. 4).
Mostly, stakeholders cited the risk of a negative impact on soil structure as a key disadvantage of the technique, questioning whether the assumed positive effect on the subsoil will offset the disruption made to the topsoil. One questioned the sensibility of mechanically penetrating soil at such depths, when the same can be achieved with biological methods. This is particularly a concern when the technique is applied under suboptimal conditions. Moreover, several interviewees voiced the concern about anaerobic decomposition and the risk of rotting, especially in heavy soils with low air circulation. This would also mean that the nutrients brought into the subsoil are not available to plants. One farmer argued that this risk was lower on sandy soils. One stakeholder argued that this measure should be combined with improving soil biology, particularly in conventionally cultivated fields that typically have little soil life, so that there are sufficient soil organisms to convert the input materials.
Several stakeholders stressed the need for rigorous testing and scientific monitoring of the technique, and doubted whether the technique would allow all soil functions to be maintained. Another open question about maintaining the yield increase-one farmer questioned whether the yield effect is primarily associated with the loosening in the first year which brings in oxygen, but that this effect cannot last. The source of organic material was a source of concern for some, i.e., that compost and other organic materials might be polluted with plastic residues or heavy metals; and that the quality of compost is essential. Moreover, there was concern that the technique would cause compaction on the edges of the furrows.
Soil stakeholders with an environmental background raised the concern about interference with natural and archive soil functions, for example, and that this technique would need to be carefully restricted. In particular, ecological effects are difficult to judge since the processes, functions, and organisms in subsoil are not yet well known. The criticism expressed by these environmental stakeholders also focused around the perception that advocates of the technique (including researchers) focus too much on the expected positive impacts for the production and yields, whereas the (potential) negative ecological side-effects are overlooked-for example, the negative impact on the buffering and filtering function of the subsoil (No. 9). Potentially, a key limitation to the technique is linked to the risk of groundwater pollution and the breach of compliance with the Fertiliser Ordinance, i.e., whether plants effectively take up nitrogen that has been injected in deep soil layers, or whether this will leach to groundwater as nitrate (No. 2). This risk is perceived to be higher than in the case of fertilizer input in the topsoil, and the stakeholder thought this would be the primary objection by environmental societal actors.
Alfalfa Cultivation
In contrast to the more diverse views on mechanical subsoiling and the injection of organic matter in furrows, both farmers and stakeholders recognised alfalfa cultivation as a positive method for soil management in general and more specifically to ameliorate the subsoil. The large majority of them, however, also stressed the economic disadvantages of cultivating this crop (compare Table 6 ). Table 6 . Stakeholders' views on Alfalfa.
Positive Negative
Improved structure, biological activity, infiltration capacity (1, 2, 4, 5, 7, 8, 9, 14, 16) Economically not attractive to most farmers due to limitations on usage of the crop and opportunity costs (1, 2, 4, 5, 6, 7, 8, 10, 11, 12, 13, 14, 15, 16, 17) Effective remediation option for compacted soils, suitable for most soil types (1, 3, 5, 6, 7, 8, 9, 10, 13, 16, 18) Wealth of experience (3, 7, 10) Good component in the crop rotation, increased yield in the following years when applied for two years or more (1, 3, 4, 8, 9, 10, 12, 14, 17, 18 ) Effective method to reduce compaction without the risk of recompaction (5, 7, 9) The positive impression of alfalfa is in large part based on a pool of positive experience with this technique in Germany. Biological subsoil loosening by means of alfalfa is a widely known concept among farmers and stakeholders, who were all aware of the deep rooting potential of the alfalfa plant. Moreover, they either had their own experience with alfalfa cultivation or had heard about its successful application elsewhere and thus regard its effectiveness to remediate compacted soils as proven. The following stakeholders' quotes illustrate these points: "Alfalfa is an excellent component in the crop rotation in order to loosen the soil. In particular, when it is on the field longer than one year-usually three years maximum-the soil you have afterwards, it is a dream" (No. 1).
"When comparing to our normal crops, no other crop has such root power" (No. 17).
"After having had alfalfa a couple of years on a field, you will have a much better harvest of wheat on this field in the three following years than on your other fields, by far. [ . . . ] If I had an organic farm or a dairy farm, I would definitely cultivate alfalfa" (No. 12).
"We intensely cultivated alfalfa. We have generated our best soils by first ameliorating them through perennial alfalfa cultivation and breaking up numerous compacted soil horizons this way. By this, we accessed many nutrients from the subsoil. Alfalfa is perceived as a suitable crop for most soil types in Germany. Soil stakeholders estimate that the positive effect of alfalfa on soils and related yield increases of the subsequent crop last about three years or longer. More importantly, what makes alfalfa cultivation an attractive subsoil management technique in the eyes of many stakeholders is that it generates multiple benefits on soils while providing an option to remediate compacted soils. In addition to breaking up compacted soil layers, stakeholders mentioned that it enhances and stabilises the soil structure, increases pore volume and biological activity, activates the self-regulation of the soil, and contributes to an overall recovery of the soil ecosystem.
The multiple positive impacts of alfalfa cultivation on soil functions were particularly important to environmental stakeholders who highlighted the multifunctionality of soils. These stakeholders often expressed a clear preference for biological subsoil management over mechanical approaches (five of the six stakeholders with a multifunctional view of subsoils). In their view, a major advantage of alfalfa cultivation lies in the fact that it does not pose any risks to soils (such as re-compaction or destruction of soil structure), that the effects last longer, and that it is a holistic approach enhancing the entire soil. For example, one respondent explained: "I think this is by far the best way to improve the subsoil, because you have a lot of positive side effects on the soil, which in the end are reflected in the yields. This means you don't only achieve what you aimed for, but at the same time improve the entire soil structure in the upper horizons and create hotspots of soil bacteria" (No. 4).
However, all farmers and stakeholders except for one believe that this technique is currently not economically attractive for the majority of farms in Germany. One central issue is the usage of the crop: in order to cultivate alfalfa, farmers need to be able to use or sell the alfalfa harvest. Cultivating alfalfa only for improving the soil is seen as very unlikely. The main use of alfalfa is as a fodder crop for cattle. One farmer stated that "Alfalfa is the 'queen of fodder plants'. The complete US-American market for milk production is based on alfalfa and corn. Why don't we do this here in Germany?" (No. 10). A farm advisor argued that feeding alfalfa is increasingly attractive for dairy farms, as nowadays, many dairies demand that fodder is GMO-free, which soy often is not (No. 1).
On farms without cattle, alfalfa can be sold either to neighbour farms or to dry pellet producers. Several farmers reported that in Brandenburg, Bavaria, and Baden-Wuerttemberg, alfalfa cultivation is interesting as a business option within a certain radius of drying units that operate there. Overall, however, the potential for alfalfa seems to be rather limited: for farmers who do not raise cattle, have no neighbouring dairy or cattle farmers, and have no dry fodder unit in the region, alfalfa is at present not an economically attractive option.
In addition to the potential usage for the crop, another economic disadvantage of alfalfa is that the plant has to stay on the field for two or three years to be able to develop its deep rooting system and have its desired effect for soils. The opportunity cost of this cultivation can be significant, for example, in comparison with winter wheat or sugar beets. While many believe this is acceptable for organic farms, this trade-off is a limiting factor for the uptake among conventional farmers-even if there are utilization options for the alfalfa produce. The following statements illustrate this: The dominant way of calculating costs and gains over a short time-period hinders the uptake of such biological approaches to improving the soil. The longer time needed for seeing positive benefits means that alfalfa cultivation is especially a barrier for uptake on land that is leased, since farmers are less willing to invest in such a technique if they do not have the guarantee of benefitting. Especially stakeholders with a multifunctional understanding of soil criticised the focus on cash crops in Germany and the related neglect of biological approaches, such as alfalfa cultivation, as a means to improve the condition of soils. It was suggested that this barrier could be overcome by better informing farmers about the benefits of alfalfa cultivation, and by calculating the cost and benefits over a longer time.
It is worth noting that other deep rooting crops may have a similar positive effect on subsoil. Stakeholders and farmers often mentioned oil radish, lupine, and buckwheat. In addition, one farmer mentioned broad beans that develop roots of about 1.5 m, have a similar effect on the soil as alfalfa, and yet are suitable as feed for pigs. Another farmer recommended red clover, which can be undersown.
One farmer and part-time farm advisor found that the example of alfalfa and other deep rooting crops is reflective of the environmental limitations of farming based on cash crops with limited crop rotation. On the one hand, such production leads to an increased risk of compaction due to the use of heavy machinery, and on the other hand, does not allow the soil any 'room to breathe' nor to benefit from its natural resilience to maintain soil structure (No. 17). The immediate short-term opportunity costs associated with integrating deep-rooting cover crops or cereals in crop rotation also mean that these crops may not be planted after applying mechanical subsoiling, even though they would have the benefit of stabilising the soil structure.
Discussion
Our research has shown that, although subsoil has not been a visible part of the policy agenda and is not visible to the eye, farmers and other stakeholders included in this study show a clear awareness of its importance for agricultural production. A distinction, however, can be made between a more productivist and a more multifunctional view of subsoil. These views differ in the extent to which the non-productive functions and services are explicitly important. In this sense, the distinction is more narrow than usually made in literature (see, for example [19, 30, 31] ). It is an important consideration since societal acceptance of management methods includes at least two aspects: the 'private' benefit that farmers accrue from implementing the method, mostly focused on yield, and the wider public benefits. The stakeholders that hold a more multifunctional view of subsoil also considered the wider public benefits or risks of subsoil management to a greater degree. If the production function is a key lens through which the subsoil is perceived, the impact on other soil functions appears not to be as important.
This resonates with literature that has shown that individual problem framings and perceptions towards soil degradation influence the interpretation, attitude, and actions that follow and how a soil is managed [21] [22] [23] . Our research indicates that how a person perceives the subsoil in terms of its functions is linked to the view they hold on the acceptance of management options. If subsoil functions other than the productive/yield function are not part of farmers' view of the subsoil, the awareness of risks to those functions also appears to be absent. Awareness and knowledge of soil risks, however, can be a motivating factor to adopt sustainable soil measures (see [24] ).
The study also shows that the relative importance of subsoil for agricultural production varies depending on the quality of the topsoil, as well as climatic conditions. Nonetheless, the awareness of subsoil as a reservoir of nutrients and water [8, 9, 12] is present not only among farmers with poor topsoil (light, sandy soils with frequent drought conditions), but also by those with better topsoil. This shows that biophysical conditions and farming system characteristics can have a significant influence on the acceptance of different management methods at a farm level and the 'ability' to adopt a measure. Because biophysical conditions also influence the impact of individual methods on soil structure and functions, these are also limiting factors for practical feasibility and acceptance of methods from a broader societal perspective.
Of the subsoil management methods for which we sought to gain an understanding of farmers' and stakeholders' perceptions, there is quite high agreement among both groups on two methods. First, negative opinions towards deep ploughing dominate due to its perceived harmful impacts on soil structure and soil functions, as well as the high energy requirements needed to implement the technique. This finding is in contrast to the conclusion of Schneider et al. (2017) [12] , that deep ploughing can be a suitable technique to increase yields on certain soil types when combined with measures to build up soil organic matter in the new topsoil. Our findings suggest that stakeholders and farmers see deep ploughing as an outdated and problematic method, and at present, it is also unlikely to be implemented in Germany. Only three of 18 interviewees saw the method acceptable as a one-time method for very specific conditions. Second, farmers and other stakeholders perceive alfalfa cultivation (as well as other deep rooting crops) as a beneficial soil management method with a positive impact on soil structure and soil functions, including the production function and yields. The method is seen as both a prevention and a remediation method and resonates with the stakeholders' and farmers' understanding of good soil management. In line with this, abundant scientific evidence points to the multiple benefits of biological approaches, although not referring to them as subsoil management. Studies show that diversifying crops and crop rotations can enhance soil organic matter, biodiversity, and the provision of ecosystem services [32] [33] [34] , as well increase the resilience of cropping systems and better adapt them to climate change [35] [36] [37] . Schneider et al. (2017) state that, in terms of yields, deep-rooting crops are preferable to mechanical deep tillage options for certain soil types [12] .
However, interviewees see the uptake of alfalfa cultivation and other perennial, deep-rooting crops limited by economic constraints (potential usage and opportunity costs) and the prevalent focus on simplified crop rotations, including a focus on cash crops. Similarly, Reckling et al. (2016) [38] show that the cultivation of forage legumes such as alfalfa, despite their various environmental benefits, is restricted to farms which have utilization options. They identify the focus on short-term income as a barrier for the integration of legumes into crop rotations in Europe: "Farmers and advisors seldom consider the long-term benefits, focusing instead on single years. This leads to an underestimation of the services provided by legumes" [38] (p. 12). One question emerging from this analysis is, therefore, how can these barriers be overcome in order to enhance the integration of alfalfa and other deep-rooting crops for the purpose of subsoil management? An increase in the cultivation of alfalfa would be in line with a recent policy initiative to increase crop diversification and improve crop rotations (in particular, via the Common Agricultural Policy), as well as with the German Protein Crop Strategy (see [39] ).
Stakeholders and farmers expressed mixed feelings on mechanical subsoil loosening (subsoiling). While some thought it important to have a means to quickly break up severely compacted soil layers, others criticized the technique to be a mere technical short-term fix that does not solve the problem. A further concern expressed by various interviewees is that mechanical subsoiling can severely damage soils when applied under unfavourable conditions (such as wet subsoil). The risk of a negative impact on soil structure and the risk of re-compaction with detrimental consequences is a significant limitation to mechanical subsoiling, both for practice and from the perspective of delivering public benefits. A number of scientific studies mirror this view and argue that the prevention of subsoil compaction is preferable to subsoiling [3, 40, 41] .
In contrast to the cultivation of alfalfa or other deep-rooting crops, stakeholders and farmers in the sample do not see mechanical subsoiling as part of good soil management, as the technique per se does not contribute to the prevention of compaction or soil health in general. Yet, it was also stated that mechanical subsoiling could be accepted when applied as a one-time measure that goes hand in hand with adequate changes in the farming system, such as diversifying the crop rotation, using deep-rooting intercrops, and preventing frequent traffic on the field. Researchers in Sweden who tested inter-row subsoiling on potato fields came to a similar conclusion, depicting subsoiling as "a short-term solution that needs to be repeated time after time, unless it is combined with good cultivation practices and perhaps other methods to alleviate soil compaction" [42] (p. 25). While it is not possible to say exactly how widely subsoiling is practiced (according to a representative of the German Agricultural Soil Inventory, this is limited to approximately 5% of agricultural land in Germany), this study suggests that there is a need for an increased awareness of subsoiling risks, preventing compaction, and re-compaction among practitioners, as well as policy-makers.
For injecting organic material furrow-wise into the subsoil, views are diverse, ranging from enthusiasm over scepticism to opposition. On the one hand, farmers and stakeholders see the potential for the method to improve access to water and nutrients, enhance site conditions and soil structure, and stabilise yields, especially in dry regions with sandy soils. On the other hand, and not surprisingly given the early stages of research on this technique, many open questions remain about the likely effects and thus its societal acceptance. It appears clear though that even if the questions on the effects are resolved in a positive way, the technique is only likely to be an acceptable solution for very specific conditions.
Our analysis suggests that injecting organic material furrow-wise into the subsoil is likely to be an attractive option for North-Eastern Germany with its light, sandy soils and its pronounced drought risk, where subsoil compaction is a common phenomenon. Under these conditions, the technique is perceived to have the potential to contribute to stabilizing yields and delivering a good cost-benefit outcome. Moreover, one could argue that a number of further enhancing factors come together in this region. It seems that from the perspective of farmers, the concern related to impairing soil quality is lower when soil on the farm is poor compared to farms with high soil quality. In addition, it requires less physical strength to work deep soil layers of sandy soils compared to heavier soil types. A further enhancing factor might be that farms in North-Eastern Germany are on average larger compared to Southern Germany, and hiring agricultural contractors for certain field work is more common.
However, while a first valuation of a field experiment of this technique after one year [10] only focused on yield effects, we found that a range of other effects on soil functions and ecosystem service provision are relevant for the acceptance of this technique. These include, in particular, impacts on the buffering and filtering function on the subsoil. Interviews also pointed to the fact that the design of the technique as a furrow-wise application might enhance its acceptance. In contrast to a treatment of the complete field, a furrow-wise application on the one hand saves costs for labour and fuel-which is an important factor for farmers [43] -and on the other hand, it presents a less intensive intervention into the soil with overall less pressure on soil structure and soil biota.
Conclusions
In this study, we have identified a range of views on subsoil management methods. While the small sample size and exploratory nature of the study mean that we cannot draw conclusions with certainty, the analysis points to a number of key acceptance factors for the different subsoil management techniques. Biophysical conditions and the timing of operations are of significant importance for the impact and acceptance of mechanical intervention methods. Overall, views on mechanical interventions are more diverse and, in some cases, more critical, because the benefits are not always certain, the costs can outweigh the benefits, and/or because they entail risk for soil structure and functions. Awareness of multiple subsoil functions is associated with more critical views of mechanical interventions. The cultivation of alfalfa (and other deep rooting crops) is seen to be beneficial for yields without risks for soil structure and functions; however, economic barriers limit its uptake. The study underlines that yields and impacts on other soil functions, as well as the site-specificity of impacts and economic barriers, need to be taken into account in discussions on the role of subsoil management as an option to sustainably maintain yields in the context of climate change and resource scarcity.
Although farmers and stakeholders currently rarely consider the subsoil in their soil management decisions, we expect that, due to an increasing drought risk and resource scarcity issues, as well as continuing subsoil compaction, the importance of subsoil management will increase in Germany.
The issue requires more attention in policy discussions on soil protection and food security in light of changing climate conditions and ongoing soil degradation.
Future work will examine the acceptance of subsoil management in a broader representative sample for Germany and engage with stakeholders in a participatory process to provide inputs to scientific research on the impacts and design of two methods: the alfalfa cultivation and the injection of organic matter furrow-wise into the subsoil.
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